increased from 1 to 2, with a 7.5% decrease achieved; the increase in phases from 2 32 to 3 was associated with a further 2.0% reduction. Similarly, the effect was more 
Introduction

62
As well as phosphorus (P) being the most expensive feed resource after energy and 63 protein, its excretion is an important aspect of the environmental impact of livestock 64 systems. The water soluble P excretion represents the highest potential risk for
The other main growth parameter is Lm. Again, this is correlated with Prm , 164 simply because bigger animals (with high protein content) can be expected to have 165 higher lipid content than smaller animals. Assuming that the parameter B is the same 166 for both protein and lipid growth (Emmans and Kyriazakis, 1997) , the relationship 167 between these two parameters can be simply written as Lm = LPrm × Prm, where LPrm
168
(lipid to protein ratio at maturity) is an independent parameter, the mean and 169 variation of which can be used as inputs in stochastic simulations.
170
The mean values of these three parameters and their variation (standard 
200
Even under the best growing conditions, there is likely to be variation in initial 201 state between pigs at the start of a growing period (Wellock et al., 2004) . Individual 202 variation in BW0 was generated from the assigned genotype mean (µBW0,kg) and 203 SD (σBW0,kg) of BW0 using the simulated growth parameters of the individual to 204 correlate BW0 with potential growth, following the methodology by Wellock et al. 205 (2003 Wellock et al. 205 ( , 2004 
240
The stochastic model determined the daily digP requirements for each 241 individual in the population, based on their genotype, which were then averaged. The 242 study examined the effect of supplying dietary digP to meet the digP requirements of 243 the average of the population at either the mid-point BW (1/2 target) or the average 244 BW of the first third of each feeding sequence (1/3 target; Table 1 ). The 1/2 target 245 strategy is often practiced by the industry, whereas the 1/3 target strategy is also (Table 2) .
257
Therefore, the sorted pigs were effectively offered three feeding phases, while the 'rest' had two feeding phases. There was also a control simulation, in which no 259 sorting of the population took place. were the same as for phase feeding.
273
Simulation outputs
274
From the generated simulated populations, which were fed according to the 275 strategies described above, the following outputs were calculated: (1) the cumulative 276 P excretion as total, soluble and insoluble P (kg); (2) the population performance 
283
The cumulative soluble and insoluble P excretion for each pig was calculated 284 by adding the daily soluble and insoluble P excreted, respectively, to derive the total 285 amount of soluble and insoluble P excreted to the environment from 30 to 120 kg 286 BW for each pig, and subsequently added to calculate the soluble and insoluble P 287 excreted for the whole population.
288
In order to quantify the percentage of population supplied less than 85% of 289 their requirements, it was first necessary to identify the level of underfeeding or 290 overfeeding of digP for each pig for each day, compared to its daily requirements.
291
These data were used to count the number of pigs that were supplied less than 85% 
Results
298
Comparison with experimental results
299
The deterministic model had been validated previously by comparing its outputs with 
307
The CoV for the model output of P excretion was about 10 % (data not shown), while 308 the CoV values from the literature varied widely between 5-58%, with a typical value 309 being around 20%. It should be noted that the lowest CoV in P excretion (5%), 310 observed by Trujillo et al. (2010) , was a result of extremely high absolute levels of P 311 intake and excretion (as a result of the specific feeds used) and therefore does not 312 indicate any lower absolute variation of P excretion compared to other studies.
313
Phase Feeding
314
As the number of feed phases increased over the BW period 30 to 120 kg, the 315 amount of cumulative P excreted by the population of pigs decreased (Table 3) .
316
There was an average decrease of 7.50 and 9.29% in total cumulative P excreted, 317 when the feeding phases increased from one to two and from one to three, 318 respectively. Similarly the largest decrease in soluble and insoluble cumulative P 319 excreted was seen when the feeding phases increased from one to two. The 320 cumulative P excreted was lower when the 1/2 target, as opposed to the 1/3 target 321 was used; this was consistent across all feed sequence plans. When the 1/2 target 322 feeding regime was used, 13.9, 8.24 and 3.84% less soluble P was excreted, in 323 comparison to the 1/3 target feeding regime, for each of the phase feeding 324 sequences (1, 2 and 3 phase feeding, respectively). Across all phase feeding plans 325 used, soluble P contributed ~75% of the total P excreted. The standard errors of the 326 estimated mean values for the total P excreted were relatively low (~1%) for all phase feeding scenarios, which indicates that these estimates reliably represent the 328 true means of the population.
329
Increasing the number of feeding phases resulted in a higher percentage of 330 the population meeting their digP requirements during the average BW period 30 to 331 60 kg (Fig 1) . The converse was the case during the finishing stage of 90 to 120 kg,
332
where a lower percentage of population met their P requirements when the feeding 333 phases increased. The use of the 1 phase feeding resulted in the highest percentage 334 of the population being undersupplied with digP (Fig 2) . Similarly the use of the 1/2 335 target feeding regime resulted in a higher percentage of pigs being undersupplied 336 with digP, rather than when the 1/3 target feeding regime was used.
337
The majority of the population (> 50%) were supplied less than 85% of their through the use of the 1/2 target and 1/3 target feeding regimes respectively, when 340 the 1 phase feeding was used. When feeding a 2 and 3 phase sequence, the 341 percentage of the population that was underfed never exceeded 50% at any stage of 342 the population growth (maximum of P underfed pigs was 27 and 17%, respectively 343 when the 2 and 3 phase feeding plans were used).
344
There was an increase in ADG, Pr and P retained (g/d), and a decrease in the 345 food conversion ratio (FCR) when the number of feeding phases increased (Table   346 4). In addition, the CoV decreased with increasing the number of phases for all the (Table 5 ). There was a 1.32, 1.92 and 3.04% reduction in the cumulative total P 360 excreted by the population as a whole, when 10, 20 and 30% of the population were 361 sorted, in comparison to the equivalent group in the population that was not sorted.
362
The cumulative total P excreted by the sorted lightest 10, 20 and 30% of the respectively, compared to the equivalent group of the population that was not sorted.
367
Across all sorting regimes used, soluble P contributed ~75% of the total P excreted.
368
The standard errors of the estimated mean values for the total P excreted were 369 relatively low (~1%) for all sorting scenarios, which indicates that these estimates 370 reliably represent the true means of the population.
371
As expected, a larger percentage of the 'light' pigs met their P requirements at 372 any stage of their growth compared to the equivalent group of the population that were not sorted (Fig 3) . The largest difference between sorted and not sorted light The greatest effect of sorting on all the performance variables was when the 399 lightest 30% of the population was sorted (Table 7) . The performance of the sorted 400 'light' group increased compared to the equivalent group of the population when not 401 sorted. The converse was the case for the 'remaining' group, as the performance 402 decreased, compared to the equivalent group of the population that were not sorted.
403
The CoV of all population performance variables decreased with increasing the size changed from one to two phases, rather than from two to three phases. It is likely 445 that the reductions in P excretion follow the law of diminishing returns when the number of feeding phases increases. P excretion was higher using the 1/3 target, as 447 opposed to 1/2 target, and consequently the reductions in P excretion were higher in 448 the former regime when the feed changes were more frequent. This is consistent 
463
As well as resulting in reduction in P excreted, increases in the number of 464 feed changes resulted in effects on performance: increases in ADG, Pr and P 465 retained, and decreases in FCR. Again these effects were more substantial when the 466 feeding regime changed from one to two phases, rather than from two to three precision feeding. They suggested that there were no differences in performance 477 between these two feeding regimes. This is likely to reflect the fact that a three 478 phase feeding regime already met the requirements of a substantial number of pigs 479 in the population, as suggested here.
480
The increases in both Pr and P retained through increases in the number of the model is likely to have overestimated the effect P deficit on performance.
493
In addition to investigating P excretion, we also investigated two more outputs groups and manage these two groups in different finishing pens (Tokach, 2004) .
515
Thus, the remaining group could be 'closed out' sooner and restock faster. The simulations suggest that although there are reductions in the cumulative 521 P excreted when the strategy was applied, these were relatively small, when 522 compared to the P excreted by the unsorted situation. The cumulative P excreted 523 reduced by 1.5, 2 and 3%, as the size of the light population increased from 10 to 20 524 to 30% of the total population, respectively. This resulted from increases in the P 525 excreted by the light population and decreases in the P excreted by the remaining 526 population. For all these simulations we assumed that the feed composition will 527 change only once throughout the growing finishing period, which is equivalent to two-528 phase feeding. In addition the light pigs were maintained on the nursery feed for a 529 longer period of time before they were switched over to the grower one. ) it is likely that it was hypothesized that any 544 effects on light pigs would arise from the absence of competition, which would put lighter pigs at a disadvantage (Hessing et al., 1994) . In our experiment the aim was 546 to reduce the P excreted by the batch of pigs and hence a change in the feeding 547 regime was also deemed necessary. The CoV of the ADG for the sorted pigs 548 increased by sorting, probably because the level of under and over-supply of digP 549 was larger in comparison to the unsorted group, where a large percentage of the 550 population were underfed in digP.
551
As with phase feeding, the application of sorting decreased the percentage of 552 the population that met the digP requirements and the percentage of the population 553 that were supplied less than 85% of their digP requirements at a particular BW 554 decreased, but only for the light pigs. This was because the management regime 555 met more closely their requirements as a whole. The converse was the case for the 556 remaining pigs and was a consequence of the content of the feed offered to these 557 pigs being lower when the populations were sorted rather than unsorted.
558
Future model developments and Implications
559
As discussed above the model assumed that as soon as digP supply to an 560 individual pig was reduced, both P and Pr retention were penalized. However, 561 bones can act as P storage which can be utilized at times of relatively small P 562 deficiency (Henry and Norman, 1984; Hurwitz, 1996; DeLuca, 2008) . For this 563 reason, the current version of the model most likely overestimated the effect of the 564 variation of P intake on the animal performance. This aspect should be taken into 565 account in further model development, for example specifying a threshold of P deficit 566 above which no growth reduction occurs. However, more quantitative data is needed 567 for this purpose.
568
For practical reasons, the analyses in the current study were based on 500 569 model simulations. In terms of Monte Carlo simulation the number of simulations can 570 be considered relatively small. As some of the differences observed in P excretion 571 and performance by the management strategies applied are relatively small, it would 572 be important to know if the effects are due to the population size considered.
573
However, given the small standard errors associated with the simulated means, this 574 seems unlikely. The simulations suggest that P excretion was higher when a feeding 575 regime targeted the requirements of the first third of the period as opposed to 576 targeting the requirements at the mid-point. As there is a common feeding regime 577 between the phase feeding and the sorting strategies some comparisons between 578 the two can be made; the common feeding regime being a two phase feeding regime 579 when the population of pigs was treated as a whole. Sorting according to BW 580 reduced further the cumulative P excretion.
581
In general the stochastic model developed here overcomes the usual derived from a typical 'grower' UK commercial diet. between these subpopulations when they were sorted (▬) or not (⋯) (ie treated as a 845 single population).
